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Dynactin Is Necessary for Synapse Stabilization
normal synapse development (Roos et al., 2000; ZhangBenjamin A. Eaton,1 Richard D. Fetter,2
et al., 2001; Hall et al., 2000; Colicos et al., 2001; Moralesand Graeme W. Davis1,3
et al., 2000). Although enormous progress has been1Department of Biochemistry and Biophysics
made in understanding cytoskeletal regulatory systems2 Howard Hughes Medical Institute
in yeast, fungus, and mammalian cell culture, little isDepartment of Anatomy
known about cytoskeletal regulatory systems that mayUniversity of California-San Francisco
function to control synapse stability versus plasticity513 Parnassus Avenue
in vivo (Matus et al., 2000). Our lack of understandingSan Francisco, California 94143
regarding cytoskeletal regulation at the synapse is due,
in part, to the early developmental requirement for many
cytoskeletal regulatory molecules that has precludedSummary
forward genetic approaches toward the identification
and characterization of these genes.We present evidence that synapse retraction occurs
To identify genes involved in synaptic cytoskeletalduring normal synaptic growth at the Drosophila neu-
regulation, we have devised a functional genomic ap-romuscular junction (NMJ). An RNAi-based screen to
proach in Drosophila. We have first turned to systemsidentify the molecular mechanisms that regulate syn-
where forward genetics have identified extensive net-apse retraction identified Arp-1/centractin, a subunit
works of cytoskeletal regulatory molecules. In particular,of the dynactin complex. Arp-1 dsRNA enhances syn-
a forward genetic approach in budding yeast (S. cerevi-apse retraction, and this effect is phenocopied by a
sae) has been a powerful system for the identification ofmutation in P150/Glued, also a dynactin component.
cytoskeletal regulatory genes involved in bud formationThe Glued protein is enriched within the presynaptic
and cell division (Madden and Snyder, 1998). Synapticnerve terminal, and presynaptic expression of a domi-
growth requires a collection of subcellular events thatnant-negative Glued transgene enhances retraction.
are similar to the processes underlying yeast budding,Retraction is associated with a local disruption of the
including cytoskeletal polarization, membrane extension,synaptic microtubule cytoskeleton. Electrophysiologi-
and protein trafficking into a newly formed varicositycal, ultrastructural, and immunohistochemical data
(Clark and Meyer, 1994; Amberg et al., 1997; Evangelistasupport a model in which presynaptic retraction pre-
et al., 1997; Zahner et al., 1996; Valtz and Herskowitz,cedes disassembly of the postsynaptic apparatus. Our
1996). We have identified Drosophila homologs of criti-data suggests that dynactin functions locally within
cal yeast budding genes and have begun to systemati-the presynaptic arbor to promote synapse stability.
cally test the function of these genes during synapse
development using RNA interference (RNAi) coupledIntroduction
with a novel methodology for the delivery of RNAi after
synaptogenesis. This allows us to circumvent the earlySynaptic connections are capable of remaining stable
embryonic requirement for many essential regulators offor prolonged periods of time and, yet, must also retain
the cytoskeleton, enabling an analysis of gene functionthe ability to expand or contract during development and
during larval synapse development.activity-dependent plasticity. Synaptic dynamics have
The results of our RNAi-based screen and additionalbeen documented in systems ranging from the verte-
genetic analysis implicate the dynactin protein complexbrate visual system to the activity-dependent control of
as an essential determinant of synapse stability. The
neuromuscular function in flies and mammals (Katz and
dynactin protein complex is a multiprotein complex that
Shatz, 1996; Sanes and Lichtman, 1999). The primary
is thought to mediate all dynein function in the cell (Karki
focus of research to date has been the elucidation of and Holzbaur, 1999). These functions include axonal
signaling systems capable of promoting synapse expan- transport, organelle localization, and the control of the
sion in an activity-dependent manner (Huang and Reich- microtubule cytoskeleton (Martin et al., 1999; Ahmad et
ardt, 2001; McAllister et al., 1999). Less progress has al., 1998; Dillman et al., 1996; Quintyne et al., 1999; Burk-
been made, however, in understanding the subsynaptic hardt et al., 1997). In Drosophila, disruption of dynactin
mechanisms that determine synapse stability. In princi- function has been shown to alter sensory neuron axon
ple, systems may be present that determine synapse morphology in the pupal central nervous system. (Reddy
stability. Signals that promote synaptic dynamics might et al., 1997; Allen et al., 1999; Murphey et al., 1999; Phillis
then modulate these stabilizing systems, allowing for et al., 1996). Axons are observed to reach their target
either synapse growth or retraction. regions but branch abnormally (Murphey et al., 1999;
The regulation of synapse stability versus dynamics Allen et al., 1999). It is unclear from these previous stud-
will likely require the integration of signaling at the ies in Drosophila, however, whether synapse formation,
plasma membrane with control of the synaptic cytoskel- maintenance, or growth is perturbed by the loss of dy-
eton (Schuster et al., 1996b; Tanaka et al., 2000; Pak et nactin function.
al., 2001). Recent developmental studies have empha- Here, we present data demonstrating that Arp-1 (cen-
sized the importance of cytoskeletal regulation during tractin) is necessary for synapse stability at the Drosoph-
ila NMJ. We further demonstrate that a mutation in P150/
Glued, another dynactin complex gene, phenocopies3 Correspondence: gdavis@biochem.ucsf.edu
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Figure 1. Synapse Retraction at the Dro-
sophila Neuromuscular Junction
(A) Schematic representation of the hypothe-
sized series of events leading to the formation
of a synaptic “footprint” at the Drosophila
neuromuscular junction (NMJ).
(B) Immunofluorescent images of a wild-type
synapse at muscles 6 and 7 costained with
antibodies against the postsynaptic Discs-
large protein (left) and the presynaptic vesicle
antigen synapsin (middle) are shown. Merged
images of Discs-large (red) and synapsin
(green) are presented in panels on right. Up-
per row shows perfect opposition of these
two markers. Lower row demonstrates a syn-
aptic footprint at the synapse on muscles 6
and 7 (see arrows in lower row). The footprint
is represented by the Discs-large staining
without overlying synapsin staining.
Scale bar: 20 m.
the Arp-1 RNAi, demonstrating that disruption of dynac- and proteins that localize to this structure require the
presence of the presynaptic nerve terminal (Guan ettin function impairs synapse stability. Specifically, we
al., 1996; Schuster et al., 1996a; Thomas et al., 2000;demonstrate that the neuromuscular synapse retracts
Featherstone et al., 2002; Saitoe et al., 2001). Therefore,from the distal portion of the synapse back toward the
the SSR and other postsynaptic proteins will be presentsite of nerve-muscle contact in the absence of dynactin
only at sites where the nerve resides or it has recentlyfunction. We combine immunohistochemical data with
resided but since retracted. We reasoned that presynap-electrophysiology and electron microscopy (EM) to cat-
tic retraction might be more rapid than the disassemblyalog the events associated with synapse retraction in
of the SSR (which takes days to form). Thus, if we ob-these mutant backgrounds. Based on our data, we pro-
served sites where SSR is present without an opposingpose that the presynaptic microtubule cytoskeleton is
presynaptic marker, we can conclude that the nerve hasthe first synaptic element to retract, followed by the
retracted from a site where it once resided. In our assayelimination of presynaptic release machinery and, ulti-
for presynaptic retraction, we stain the SSR with anmately, the disassembly of the postsynaptic apparatus
antibody against the Discs-large protein (Dlg), a PSD-including postsynaptic glutamate receptors. Finally, us-
95-like protein that is distributed throughout the SSR,ing a dominant-negative Glued transgene (DN Glued),
and costain the synapse with presynaptic antibodies towe demonstrate that Glued function is necessary pre-
synapsin, HRP, and the presynaptic cytoskeleton (anti-synaptically, not postsynaptically, for synapse stabiliza-
Futsch). We refer to sites where we observe postsynap-tion. We hypothesize that the regulation of this complex
tic Dlg staining without opposing presynaptic nerve-may enable synaptic dynamics if the appropriate
terminal staining as a “postsynaptic footprint” (Figuregrowth-stimulating signals coincide with modulation of
1A). Our assay for synaptic footprints in fixed tissuedynactin activity at the synapse.
allows us to score large numbers of synapses across
different genotypes for this type of event. Importantly,
Results a similar phenomenon has been observed at the wild-
type vertebrate NMJ, resulting from retraction of the
An Assay for Synapse Stability at the Developing presynaptic motoneuron, setting a precedent for this
Drosophila NMJ type of assay (Letinsky et al., 1976; Wernig et al., 1980).
To determine whether the development of the Drosoph- At the vertebrate NMJ, “AChE remnants” define sites
ila NMJ is shaped by presynaptic retraction as well as where a branch of the motoneuron terminal retracts,
bouton addition, we have developed an assay for pre- leaving behind postsynaptic gutters that lack an op-
synaptic retraction. The postsynaptic membranes at the posed presynaptic nerve terminal (defined by both light-
Drosophila NMJ are a complex series of membrane folds level and electron microscopy).
termed the subsynaptic reticulum (SSR). During the 4 At the Drosophila NMJ, most wild-type synapses
days of larval development, the SSR gradually develops show perfect opposition of synapsin and Dlg (Figure 1B,
to become a structure composed of highly compact top). However, a small but significant number of these
muscle membrane folds up to several microns thick synapses in third instar larvae showed the existence
of Dlg “footprints” (6/123 synapses [4.8%]; Figure 1B,(Lahey et al., 1994). The gradual assembly of the SSR
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Functional Genomic Identification of SynapticTable 1. Synaptic Retraction in Dynactin Mutants
Cytoskeletal Regulatory Genes
Synapses Percentage of Animals with Identification of cytoskeletal regulatory genes involved
Genotype Retracted (%)a 30% of Synapses Retractedb
in synapse development has been hampered by the
Third Instar Larvae early developmental requirement for essential cytoskel-
Arp-1 RNAi 45/147 (30.6%) 68.7% (n  16) etal proteins. However, a remarkable database of cy-
GFP RNAi 3/49 (6.1%) 0% (n  8) toskeletal regulators has been identified and character-
Mock RNAi 6/80 (7.5%) 0% (n  5)
ized in simple genetic systems such as budding yeast.Glued1 22/78 (28.2%) 62.5% (n  8)
We have identified 74 Drosophila homologs of yeastWild-type 6/123 (4.8%) 0% (n  12)
First/Second Instar Larvaec genes involved in cytoskeletal regulation during daugh-
Arp-1 RNAi 3/28 (10.7%) 0% (n  4) ter cell formation. We are systematically testing the
Glued1 11/49 (22.4%) 60% (n  5) function of these genes at the synapse through an RNAi-
Wild-type 17/95 (17.9%) 10% (n  10) based approach (Fire et al., 1998; Sharp, 2001). To cir-
a All data are combined from at least three separate experiments. cumvent embryonic requirement for these genes, we
Synapse retraction is scored as a synapse that shows any region have developed a technique for administering dsRNA
of postsynaptic DLG staining without corresponding presynaptic (RNAi) to late embryos after synaptogenesis is complete
synapsin staining (see text). Data presented are for the synapse on
(see Experimental Procedures).muscles 6 and 7. All synapses on each animal were scored.
b Scored as individual animals with greater than 30% of their syn-
apses on muscles 6/7 displaying retractions. n number of animals Arp-1 Is Necessary for Synapse Stability
scored. In our ongoing screen of critical yeast budding genes,
c Animals analyzed were a mix of late first and early second Instar we have identified Arp-1 (actin related protein 1) as being
larvae. involved in synaptic stability at the Drosophila NMJ.
Arp-1 is a component of the multiprotein dynactin com-
plex and may function to bind proteins to the dynactin
complex (Figure 2A; reviewed in Schafer and Schroer,bottom; Table 1). Although the size of the footprints
1999). When Arp-1 is inhibited by RNAi, the number ofvaried from a few boutons to entire branches (all of
synaptic footprints at the synapse on muscles 6 andwhich are scored as footprints), the entire synapse from
7 is significantly increased (45/147 synapses [30.6%]a single motoneuron contacting a single muscle was
compared to controls: 3/49 [6.1%] Mock RNAi, 6/80never fully eliminated in wild-type animals, suggesting
[7.5%] GFP RNAi; see also Table 1 and Figure 2B, topthat these are local retraction events within a neuromus-
and middle). Like footprints observed at the wild-typecular synapse. Synapses were scored at muscles 6 and
synapse, retraction occurs from the distal portion of7, each having been innervated by two motoneurons
the nerve terminal back toward the site of innervation(MN RP3 and MNb 6/7). The boutons derived from RP3
(proximal portion of the synapse; Figure 2B, middle). In
can be distinguished from those of MN 6/7 by the char-
addition, the retraction events that we observe in Arp-1
acteristic differences in bouton size (Kurdyak et al.,
RNAi animals affect only a single branch of the synapse
1994). The retraction events that we observe show a
derived from a single motoneuron (Figure 2B). This sug-
withdrawal from the distal end of the nerve terminal gests that, as during wild-type development, these re-
back toward the site of nerve muscle contact (proximal traction events may be a local synaptic phenomenon.
portion of the synapse) and affect both type 1s and type Finally, both type 1b and type 1s boutons are affected.
1b boutons. Type 1s boutons originate from an MN that
acts as a common exciter for several different muscle Mutations in P150/Glued Phenocopy Arp-1 RNAi
targets (White et al., 2001). Thus, the retraction of bou- Several genetic reagents are available that allow us to
tons at one or a subset of muscles indicates that retrac- test the specificity and severity of the Arp-1 RNAi pheno-
tion can also be branch specific on different muscle type by disrupting other components of this complex.
targets. For example, the Glued1 mutation is a point mutation
These data suggest that synapse retraction may be resulting in a truncated protein that acts as a dominant-
a component of the normal stereotypic growth program negative for dynactin complex function (Meyerowitz and
of the Drosophila NMJ. To test this possibility further, Kankel, 1978; McGrail et al., 1995; Swaroop et al., 1985).
we assayed for synaptic footprints at an earlier develop- The heterozygous Glued1 mutation disrupts both axon
mental stage, the late first/early second instar synapse, morphology in the Drosophila adult CNS and fast axonal
where synaptic growth is occurring more rapidly than transport (Reddy et al., 1997; Martin et al., 1999). Impor-
at the end of the third instar. We observe that young tantly, the heterozygous Glued1 mutations are phenoco-
larvae had a significantly higher frequency of footprint pied by homozygous mutations in dynein (Phillis et al.,
events (17/95 synapses [17.9%]; Table 1), demonstra- 1996). Thus, we assayed synaptic footprints in heterozy-
ting that this phenomenon is correlated with periods of gous Glued1 animals for comparison with Arp-1 RNAi
rapid synaptic growth. Thus, retraction of presynaptic animals.
boutons occurs during normal synaptic growth at the The Glued1 animals precisely phenocopy the Arp-1
Drosophila NMJ and may be an important component RNAi with respect to both the percentage of footprint
of stereotypic synaptic growth at this synapse. To iden- profiles and the extent of these profiles (Figure 2B, bot-
tify the molecular regulation of synaptic growth versus tom). The Glued1 mutation resulted in an increase in the
retraction, we have used the footprint as an assay for presence of synaptic footprints (22/78 [28.2%] syn-
apses) compared to wild-type (Table 1; Figure 2B, bot-synapse retraction in a functional genomic screen.
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Figure 2. Disruption of the Dynactin Com-
plex Results in Enhanced Formation of Syn-
aptic Footprints
(A) Schematic representation of the dynactin
complex (left) and the effects of the mutations
used in this study on the complex (right) are
illustrated.
(B) Immunofluorescent images of synaptic
footprints (see arrows) formed as the result
of Arp-1 RNAi (top and middle rows) and the
Glued1 mutation (bottom row). All images are
of synapses at muscles 6 and 7 that have
been costained with antibodies against
Discs-large (left panels) and synapsin (right
panels). Merged images of Discs-large (red)
and synapsin (green) are presented in panels
on right. Note that synaptic retractions are
specific to one branch of the synapses in the
Arp-1 RNAi animals.
Scale bars: In (B), 50 m, top; 10 m, middle;
and 20 m, botton.
tom). Together with the Arp-1 RNAi, these data indicate sus postsynaptically, we have overexpressed a pre-
viously characterized dominant-negative Glued trans-that inhibition of the dynactin complex leads to an in-
gene (DN Glued) in either nerve or muscle and thencrease in the number of retraction events at the Dro-
assayed for synaptic retraction (Allen et al., 1999). Ex-sophila NMJ, strongly suggesting a role for dynactin in
pression of the DN Glued transgene in the motoneuronsynaptic stabilization. Furthermore, the precise pheno-
led to an increase in the number of synaptic footprintscopy of our RNAi phenotype using a molecularly charac-
(Figure 4A; Table 2), whereas overexpression in muscleterized genetic mutation supports our functional geno-
did not affect synapse development (Figure 4B; Tablemic approach toward identification of key cytoskeletal
2). In these experiments, we have used two differentregulatory proteins.
insertions of the DN Glued transgene, each showing a
similar presynaptic effect on footprint number (Table
Presynaptic Dynactin Function Is Necessary
2). These results demonstrate that dynactin function is
for Synapse Stability necessary within the presynaptic neuron for synapse
The dynactin complex is found in all tissues, including stability.
muscle and the central and peripheral nervous systems. In all of the examples of presynaptic retraction that we
To determine whether dynactin might act locally within have observed, only one branch of the neuromuscular
the synapse to mediate synapse stability, we investi- synapse was generally eliminated. This indicates that
gated the synaptic localization of the dynactin complex dynactin may be functioning locally to control synapse
using a well-characterized polyclonal antibody against stability rather than being essential for motoneuron via-
the Drosophila Glued protein (Waterman-Storer and bility or health. To further investigate this possibility, we
Holzbaur, 1996). The anti-Glued antibody reveals a punc- have performed TUNEL assays on the CNS of animals
tate distribution at the NMJ and is concentrated within overexpressing DN Glued in the nervous system, as well
the presynaptic nerve terminal (Figures 3A and B). Three- as Glued-1 mutations and Arp-1 RNAi. Apoptotic nuclei
dimensional reconstruction of individual synaptic boutons were counted in the abdominal ganglion of the larval
further demonstrates that Glued positive puncta are lo- CNS where the motoneuron pools reside. We did not see
cated both presynaptically (Figure 3C) and postsynapti- any change in the number of apoptotic nuclei comparing
cally (Figure 3D), being enriched within the presynaptic experimental and control animals, thereby ruling out
nerve terminal. premature cell death of motoneurons as the cause of
synaptic retraction (Figures 4D and 4E).To determine whether dynactin is necessary pre- ver-
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Figure 3. The Glued/P150 Protein Is Located
both Pre- and Postsynaptically at the Dro-
sophila Neuromuscular Junction
(A and B) The synapse on muscle 4 from a
transgenic fly line expressing a GFP-synapto-
brevin chimera in motoneurons was fixed and
subjected to immunofluorescent imaging us-
ing a polyclonal antibody to the Drosophila
Glued protein. In (A), the fluorescent image
of the GFP-synaptobrevin fluorescence in a
synapse on muscle 4 is shown. In (B), the
immunofluorescent image of the same syn-
apse as (A) showing the localization of the
Glued protein is shown. Note that the Glued
immunoreactivity appears punctate and en-
riched at the synapse.
(C and D) Three-dimensional confocal mi-
croscopy of the indicated bouton (see arrow
in [A]) demonstrates that dynactin immunore-
activity is found both pre- and postsynapti-
cally. White lines indicate the position of the z
planes projected to the top and left of panels.
Note that Glued immunoreactive puncta are
localized both inside (C) and outside (D) the
presynaptic marker in all three dimensions.
This analysis is consistent with synaptic lo-
calization of the dynactin complex both pre-
and postsynaptically at the Drosophila NMJ.
Scale bars: 10 m in (A) and (B) and 2 m in
(C) and (D).
Synapse Disassembly Due to Dynactin Disruption expressing the DN Glued transgene presynaptically (Fig-
ure 5A) (Desai et al., 1994). We used anti-HRP labelingWe have assayed synapse retraction using synapsin as
a marker for the presynaptic nerve terminal. To further in live, unpermeabilized preparations to label the pre-
synaptic nerve terminal surface (see Experimental Pro-investigate the nature of the retraction event, we have
assayed footprints using anti-HRP as a marker of the cedures). We observe a similar frequency of retractions
comparing anti-HRP to synapsin staining (data notpresynaptic membrane in both wild-type and animals
Figure 4. Presynaptic Expression of Domi-
nant-Negative Glued Protein Results in En-
hanced Synaptic Retraction, but Not Apo-
ptosis
(A–C) Synapses at muscles 6 and 7 show syn-
aptic footprints when a UAS-DN Glued96B is
expressed presynaptically (DN Glued-nerve;
Row A arrow). Muscle expression (DN Glued-
muscle; Row B) has no effect on synapse de-
velopment. UAS-DN Glued/ larvae served as
a control (control; Row C). The right column
of panels represents a merged image of the
Discs-large (red) and synapsin (green) stain-
ing. Arrows point to a synaptic footprint at the
muscles 6 and 7 synapse in larvae expressing
the UAS-DN Glued96B construct presynapti-
cally (DN Glued-nerve).
(D and E) The CNS from wild-type (control),
Glued1, or larvae expressing the DN Glued
protein either in the nerve or muscle were
analyzed for apoptosis using a fluorescent
TUNEL analysis. (D) Representative images
of fly brains subjected to TUNEL assay from
control (left panel) or DN Glued-nerve (right
panel) larvae. Area surveyed for apoptotic nu-
clei is indicated by dashed line. (E) The num-
ber of apoptotic nuclei within the CNS from
the indicated genotypes were counted within
area delineated in (D). Averages of seven lar-
val CNS from two separate matings are pre-
sented with indicated SEM. There is no statis-
tical difference between any genotypes.
Scale bars: 20 m in (A)–(C) and 100 m in (D)
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Table 2. Synaptic Retraction by Dominant-Negative Glued Expression
Percentage of Animals with
Genotypea Synapses Retracted (%)b 30% of Synapses Retractedb
UAS-DN Glued84; elaV 29/98 (29.6%) 60% (n  10)
UAS-DN Glued84; mhc 3/93 (3.2%) 0% (n  9)
UAS-DN Glued96B; elaV 34/83 (40.9%) 88% (n  9)
UAS-DN Glued96B; mhc 6/88 (6.8%) 0% (n  9)
UAS-DN Glued96B; wt 6/73 (8.2%) 0% (n  7)
a Genotypes represent transheterozygotic progeny from crosses between homozygous adults. All animals were analyzed as third Instar larvae.
Results are presented for two independent insertions of the UAS-DN Glued transgene (84 and 96B). The elaV-GAL4 driver is expressed in
neurons, and mhc-GAL4 is the promoter for the mysosin heavy chain and expresses GAL4 specifically in muscle. Both drivers are expressed
during larval development. Genetic control is wild-type (wt) animals mated to flies homozygous for the UAS-DN Glued96B insert.
b Synapse retraction and binning of animals was performed exactly as described for Table 1. n  number of animals scored.
shown). Retraction events are associated with a near and discontinuous, consistent with a retraction of pre-
synaptic membrane (Figure 5A, bottom).complete loss of presynaptic anti-HRP labeling within
a footprint profile. Residual anti-HRP labeling is spotty The dynactin complex binds microtubules, has been
Figure 5. Synaptic Footprints Are Characterized by the Loss-of-Membrane-Associated HRP Immunoreactivity and Disrupted Presynaptic
Microtubules
(A) Synapses are shown from larvae expressing DN Glued presynaptically. An example of a normal synapse in the DN Glued background
showing colocalization of synapsin, anti-HRP, and Dlg (top). An example of a synapse from the same animal showing a synaptic footprint
(bottom) is illustrated. Anti-HRP is nearly eliminated and the residual spots of anti-HRP are discontinuous (arrow).
(B) A wild-type synapse on muscles 6 and 7 was stained with anti-Futsch and anti-Dlg. Arrows point to the last detectable region of Futsch
immunoreactivity within the synaptic branch imaged. Right panels represent merged image of Futsch (green) and Discs-large (red) staining.
Note that Futsch immunoreactivity is found throughout the entire synaptic length at wild-type synapses. In larvae expressing the DN Glued
protein in the neuron (DN Glued-nerve; bottom) the Futsch immunoreactivity ends proximally to Discs-large at a retracting synapse (see arrow).
(C) Larvae expressing the DN Glued protein in the neuron (DN Glued-nerve) were fixed and triple-labeled using a directly conjugated fluorescent
antibody to Futsch (see Experimental Procedures). Note that in the footprint presented, the immunoreactivity of Futsch ends proximally to
both Discs-large and the synaptic vesicle marker synapsin (see arrow).
Scale bars: 10 m in (A) and 20 m in (C)
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shown to bind proteins that localize to the growing plus
ends of microtubules, and has been implicated in micro-
tubule stabilization (Schuyler and Pellman, 2001a; Mor-
rison et al., 2002; Han et al., 2001; Berrueta et al., 1999).
We therefore assayed the integrity of the presynaptic
microtubule cytoskeleton at wild-type and DN Glued
overexpressing synapses (presynaptic DN Glued ex-
pression). The microtubule cytoskeleton was visualized
with anti-Futsch, which recognizes a Drosophila MAP
(Hummel et al., 2000; Roos et al., 2000). At the wild-type
synapse, Futsch immunoreactivity is observed to extend
the entire length of the synapse, being observed in all
synaptic boutons (Figure 5B, top) (Roos et al., 2000).
When DN Glued is expressed presynaptically (DN Glued-
nerve), footprints are observed in which the microtubule
cytoskeleton (Futsch immunoreactivity) no longer ex-
tends along the entire length of postsynaptic Dlg stain-
ing (Figure 5B, bottom). At these sites, the Futsch stain-
ing appears discontinuous and often includes bulbous
endings. The sites of microtubule disruption and the
observed number of these events correlates with the
retraction events caused by presynaptic DN Glued ex-
pression as assayed by synapsin staining, suggesting
that microtubule disruption occurs during synapse re-
traction. To support this conclusion, we have triple la-
beled the synapse with Dlg (postsynaptic), synapsin,
and Futsch (see Experimental Procedures). We observe
that both presynaptic microtubules and synaptic vesicle
proteins retract in the same portion of the synapse rela-
tive to the postsynaptic Dlg staining (Figure 5C). Impor-
tantly, the microtubules always withdraw further than
the synaptic vesicle staining, indicating that microtubule
retraction may precede the disassembly of the presyn-
aptic release machinery (Figure 5C). Finally, it is impor-
tant to note that Futsch staining in the axon and in
regions of the synapse not undergoing retraction appear
normal, indicating that there is not a general disruption Figure 6. Presynaptic Retraction Causes Disassembly of the Post-
synaptic Specialization and Impaired Synaptic Developmentof the synaptic microtubule cytoskeleton.
(A) Control larvae (top) expressing the DN Glued transgene in theWe have also assayed the disassembly of the postsyn-
muscle (DN Glued-muscle) were fixed and costained for the gluta-aptic apparatus. We have assayed the integrity of gluta-
mate receptor subunit A (GluRIIA; left) and Discs-large (Discs-large;mate receptor clusters and postsynaptic Dlg staining at
right). Insets represent a higher-magnification image of boutons,retraction sites caused by presynaptic DN Glued overex-
indicated by large arrows. The inset to the right is a merged image
pression. Presynaptic retraction events are accompa- of GluRIIA (green) and Discs-large (red). Although receptor numbers
nied by a decrease in the number of GluR clusters along are reduced (bottom, small arrows), the remaining receptor clusters
appear normal at affected synapses (see inserts). Scale bars: 10 mthe length of the retraction event (Figure 6A, bottom).
and 5 m (insets).The remaining clusters appear to have a normal size
(B) The number of boutons found on the synapse at muscle 4 fromand intensity, as do the GluR clusters at nonretraction
indicated genotypes was counted using synapsin or synaptotagminsites within the same synapse. Dlg staining at many
immunostaining to visualize boutons. Each bouton count was cor-
retraction sites is also less well-organized and some- rected for muscle size. Averages presented are from a total of 35–38
what reduced in intensity (Figure 6A, bottom, but also synapses (seven to nine animals) from at least two separate matings.
Error bars indicate SEM.see Figure 2B). This suggests that the postsynaptic ap-
(C and D) Quantal size, quantal content, and the frequency of sponta-paratus is disassembled following a retraction event.
neous quantal release events (mepsp) were determined at larvalThese observations are supported by an ultrastructural
NMJs from indicated genotypes. In (C), the average values are pre-analysis (see below). Finally, there is no difference in
sented as percent of wild-type value (n  10–12 animals). Quantal
GluR clustering or Dlg architecture when DN Glued is content is reduced (by40%) in animals expressing the DN Glued96B
overexpressed postsynaptically (Figure 6A, top). transgene presynaptically as compared to controls. In (D), the aver-
aged data in (C) are plotted as a scatter plot. Note that some animals
expressing the DN Glued96B transgene neuronally have nearly wild-Altered Bouton Number and Synaptic Function
type quantal content values. Genotypes: control  UAS-DN Glued/We have quantified synaptic bouton numbers to deter-
; DN Glued muscle  UAS-DN Glued/; MHC-GAL4/; DN Glued
mine whether enhanced synaptic retraction causes im- nerve  C155-GAL4/; UAS-DN Glued/. Two independent inser-
paired synapse development. There is a significant tions of the UAS-DN Glued transgene (84 and 96B) were used.
(30%) reduction in bouton number when DN Glued
is expressed presynaptically but no change in bouton
Neuron
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Figure 7. Ultrastructure Analysis of Synaptic Boutons from Larvae Expressing the Dominant-Negative Glued Protein Presynaptically
(A–C) Electron micrographs depicting crosssections through boutons from control larvae (A) and larvae expressing the DN Glued96B transgene
presynaptically ([B] and [C]; DN Glued-nerve). All boutons sectioned were from the synapse on muscles 6 and 7. The subsynaptic reticulum
(SSR), a single mitochondrion (m), and active zones with T bars (asterisks) are labeled in each bouton. Arrows indicate a population of larger
vesicles found in boutons from animals expressing the DN Glued96B presynaptically. (C) shows that in the more distal areas of the synapse,
boutons are absent, but crosssections of neuronal processes (b) can still be seen surrounded by SSR. Large cytoplasmic regions containing
mitochondria and abundant ribosomes are typically observed in the SSR in these distal regions.
(D–E) The close apposition of presynaptic and postsynaptic membranes characteristic of active zones in control boutons (D) is disrupted to
varying degrees in active zones in boutons from DN Glued-nerve larvae (E). The presynaptic membrane appears detached (fat arrows in [E])
from the postsynaptic membrane and attached cleft. In adjacent areas, the presynaptic membrane, postsynaptic membrane, and electron
dense cleft material have a normal appearance (arrowheads in [E]).
Scale bars: 1.0 m in (A)–(C) and 250 nm in (D) and (E).
number when DN Glued is driven postsynaptically (Fig- In these recordings, there was no change in the average
muscle resting potential or input resistance. There wasure 6B). In these experiments, bouton number is normal-
ized to muscle size since bouton number is coupled substantial synapse-to-synapse variability with some
synapses functioning at wild-type levels, while manywith muscle size during normal growth (Schuster et al.,
1996a). The dynactin mutants are smaller than wild-type, synapses showed severe deficits in transmitter release
(Figure 6D). This electrophysiological data is consistentand normalization prevents overestimation of the reduc-
tion in bouton number. In these experiments, boutons with our quantification of presynaptic retraction since
not every synapse shows a retraction and those thatwere visualized with two independent markers, synapsin
and synaptotagmin, and there was no difference in bou- do vary in the severity of the retraction. DN Glued is
overexpressed pan neuronally in this experiment. Theton counts using these two different presynaptic mark-
ers. Thus, DN Glued-induced synapse retraction corre- observation that a subset of synapses function at wild-
type levels demonstrates that DN Glued is simply notlates with synapses containing fewer boutons. Since
we observe synapse retraction in wild-type animals, we toxic to the neuron.
Despite a decrease in presynaptic release, we do nothypothesize that synapse retraction may also be an im-
portant aspect of normal synaptic growth regulation, observe a change in quantal size when DN Glued is
overexpressed presynaptically (Figure 6C). This sug-particularly during early developmental stages (see Ta-
ble 1). gests that synaptic retraction may be initiated presynap-
tically, followed by the disassembly of the postsynapticTo determine whether synapse retraction alters syn-
aptic function, we have assayed synaptic efficacy in receptor field. In agreement with this, GluR clusters
within a retraction domain, although fewer in number,animals overexpressing the DN Glued transgene presyn-
aptically. On average, we observed a significant (40%) have normal cluster size and fluorescence intensity (Fig-
ure 6A). Finally, we do not observe a change in thedecrease in quantal content (an estimate of presynaptic
release) at the DN Glued synapses (Figures 6C and 6D). frequency of spontaneous release events (Figure 6C).
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Table 3. Morphometric Quantification of Synaptic Boutons from Dominant-Negative Glued Mutants
Genotypea Control DN Glued-Nerve
Average bouton dimensions:
Length 2.51  0.30 m 1.42  0.10c m
Width 1.79  0.23 m 1.24  0.06 m
Surface area 17.04  3.84 m2 5.39  0.63c m2
Active zones per bouton 14.7  2.9 4.2  0.40c
Bouton surface area per active zone 1.05  0.08 1.28  0.10
T bars per active zone 0.62  0.03 1.00  0.12d
Percentage detachment of presynaptic membraneb 3.8%  1.0% 27.4%  6.4d%
(n  16) (n  15)
Measurements represent the average from three animals per genotype (boutons scored: wild-type  16, experimental  9). Boutons were
sampled from the synapse on muscles 6 and 7.
a Control refers to wild-type animals. For DN Glued-nerve, the UAS-DN Glued96B is being driven by the elaV-GAL4 neuronal driver.
b Calculated as the length of detached presynaptic membrane divided by the total length of the analyzed active zone.
c p  0.05; Student’s t test.
d p  0.01; Student’s t test.
Although we may have expected to see such a change, gap is due to a separation at the synapse rather than
loss of synaptic material. This phenotype was quantifiedthere is not a precise correlation between quantal con-
tent and spontaneous release at the Drosophila NMJ, by measuring the percent of each active zone that
showed clear detachment between the presynapticand compensatory mechanisms can elevate spontane-
ous release frequency (Paradis et al., 2001). In summary, membrane and postsynaptic density (see Experimental
Procedures). There is an 8-fold increase in the percentthe change in bouton number and frequency of retrac-
tion correlate with a change in synaptic function, indicat- active zone detachment when DN Glued is driven pre-
synaptically (Table 3). This detachment could representing that synapse retraction could be used by the neuro-
muscular system to control synaptic strength. part of a general synapse retraction program. Alterna-
tively, this may indicate a function for the dynactin com-
plex in stabilizing the presynaptic active zone. In thisUltrastructural Analysis of Dynactin-Dependent
Synapse Retraction regard, it is interesting to note that microtubules and
dynactin localize to adherens junctions, sites of tightAn ultrastructural analysis of synapses overexpressing
DN Glued presynaptically reveals numerous features of intercellular adhesion and signaling (Ligon et al., 2001;
Garces et al., 1999).synapse disassembly (Figure 7, Table 3). Synaptic bou-
tons are statistically smaller on average compared to
wild-type (Table 3). Active zone number per bouton is Discussion
decreased by 50% compared to wild-type, in agree-
ment with our electrophysiological and immunohisto- We present evidence that regulated synaptic growth at
the Drosophila NMJ includes synaptic retraction eventschemical data, demonstrating impaired synaptic strength
and reduced GluR clusters at synapses undergoing syn- in addition to the well-characterized addition of new
synaptic boutons. Synaptic retraction events (footprints)apse retraction (Table 3). There are several additional
features of synapse disassembly that are readily appar- are defined as the withdrawal of presynaptic antigens
(synapsin, HRP, Futsch) from clearly defined regionsent. Presynaptic boutons are filled with large vesicles
or vacuoles of varying size (Figures 7B and 7E). Since of postsynaptic specialization defined by Discs-large
immunoreactivity. We present multiple lines of evidencewe do not see a change in quantal size, these large
vesicles are unlikely to represent aberrant synaptic vesi- that a footprint represents a site where the nerve termi-
nal once resided and has since retracted, including lightcles. These structures are consistent with the removal
of nerve-terminal membrane and general presynaptic level and ultrastructural analysis. Previous reports have
likely failed to identify synaptic retraction as an impor-disassembly. Postsynaptically, we observe that the sub-
synaptic membrane folds (SSR) are much less compact tant element during synapse development in this system
because postsynaptic markers were employed to studythan those seen in wild-type, and we observe that the
SSR can be invaded by mitochondria and associated synapse development (Zito et al., 1999). We also demon-
strate that synapse retraction events are more frequentelectron-dense material (Figure 7; compare figure 7B
and 7C to 7A). In distal regions of the synapse, with at early developmental stages that correlate with the
more rapid phase of synapse growth (Table 1). Thesesevere SSR disruption, we observe that the presynaptic
profiles are often very small and devoid of fully formed data suggest that regulated synaptic growth is achieved
by a balance of synaptic growth and retraction at theactive zones (Figure 7C). All of these data are consistent
with retraction of the presynaptic terminal and an asso- Drosophila NMJ. Such a balance of growth and retrac-
tion may represent a general principle of synaptic growthciated disassembly of the postsynaptic specialization.
A particularly interesting ultrastructural phenotype of control in this and other systems (Cohen-Cory, 1999).
Employing a functional genomic strategy, we haveretracting synapses is the frequent observation of a gap
between the postsynaptic density and the presynaptic identified the dynactin protein complex as an essential
component of the machinery that achieves synapse sta-membrane (Figures 7D and 7E). Electron-dense material
still appears in the synaptic cleft, suggesting that this bilization at the Drosophila NMJ. Disruption of the dy-
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nactin complex using any of three different perturba- Evidence that Presynaptic Retraction Precedes
Postsynaptic Disassemblytions, including Arp-1 RNAi, the Glued1 mutation, or
We have characterized synaptic retraction caused bypresynaptic overexpression of the DN Glued transgene
disruption of the dynactin complex at the light level,all result in an increase in the frequency and extent of
ultrastructurally and electrophysiologically. At eachsynaptic retraction events at the NMJ. Presynaptic, but
level of analysis, the data support the conclusion thatnot postsynaptic, overexpression of the DN Glued trans-
the presynaptic nerve terminal withdraws, followed bygene enhances synapse retraction, phenocopying ge-
the disassembly of the postsynaptic apparatus. At thenetic and RNAi perturbation of the dynactin complex.
light level, we observe that retraction of presynapticConsistent with this observation, P150/Glued protein is
markers precedes the elimination of postsynaptic Discs-present at the NMJ and enriched in the presynaptic
large staining and GluR clusters. In addition, we do notnerve terminal.
observe a change in quantal size when DN Glued isSeveral lines of evidence suggest that dynactin func-
driven presynaptically, despite often severely impairedtions locally within the presynaptic nerve terminal to
presynaptic release. By comparison, acetylcholine re-control synapse stability. Retraction events do not result
ceptors are removed postsynaptically prior to presynap-in the complete elimination of a synapse, but are gener-
tic elimination at the vertebrate NMJ, and a decrease inally restricted to a specific branch or portion of a branch
quantal size is observed (Colman et al., 1997). Finally, wewithin the synaptic arbor of a single motoneuron. In
observe ultrastructurally that the presynaptic membraneaddition, MN 6/7 innervates multiple muscle targets
appears to separate from the postsynaptic density with(White et al., 2001; Lnenicka and Keshishian, 2000), and
high frequency at active zones when dynactin is dis-retraction events are often specific to only one or a few
rupted presynaptically. This is again consistent with pre-of the muscle targets of this neuron, demonstrating that
synaptic retraction preceding disassembly of the post-retraction events can be branch specific on different
synaptic apparatus.muscle targets.
An obvious concern is that inhibition of dynactin func-
The Role of Dynactin in Determiningtion sufficiently impairs the health of the motoneuron to
Synapse Stabilizationcause a secondary retraction of the synapse. Ultimately,
The dynactin protein complex binds microtubules andan assessment of “health” can only be achieved by
has been shown to bind a number of proteins that local-assaying a number of independent variables such as
ize to the plus end of microtubules including Lis1, Eb1,electrophysiology, ultrastructure, morphology, and cell
and Clip170 (Han et al., 2001; Sasaki et al., 2000;death. Synapse retraction events are not correlated with
Schuyler and Pellman, 2001a). In addition to their local-increased cell death in the motoneurons nor are they
ization, these proteins have also been shown to effectcorrelated with gross changes in the motoneuron micro-
microtubule stability and dynamics (Morrison et al.,tubule cytoskeleton. Synapse retraction events can be
2002; Han et al., 2001; Berrueta et al., 1999). In budding
local, affecting only a portion of a motoneuron arbor
yeast, live imaging studies of microtubules have demon-
(demonstrated by analysis at both the light and ultra-
strated that mutations in dynactin and EB1 lead to al-
structural level). In addition, motoneuron transmitter re-
tered microtubule structure and defects in cortical asso-
lease properties are normal at a portion of the synapses ciation (Adames and Cooper, 2000; Carminati and
that overexpress the DN Glued transgene (the most se- Stearns, 1997). Based on these observations, one hy-
vere manipulation we have used; Figure 6). This is con- pothesis is that dynactin and associated proteins partic-
sistent with the observation that only a portion (40%) of ipate in the process of microtubule capture at the cell
the synapses reveal a retraction event despite the fact cortex (Dujardin and Vallee, 2002; Schuyler and Pellman,
that DN Glued is expressed pan neuronally. These data 2001b). Alternatively, dynactin could be involved in more
argue against DN Glued simply poisoning the cell. Fi- complex regulation of microtubule dynamics via the lo-
nally, retraction events are observed in the wild-type calization or trafficking of microtubule regulators.
animal and occur with higher frequency during early A role for dynactin regulation of the microtubule cy-
larval development. Taken together, these data suggest toskeleton has also been speculated at sites of intercel-
that retraction is associated with synapse development lular adhesion and signaling. In epithelial cells, microtu-
rather than impaired health. bules and cytoplasmic dynein have been observed to
Our data indicate that increased synapse retraction contact adherens junctions (Ligon et al., 2001). In addi-
caused by impaired dynactin activity has a functional tion, overexpression of the p62 component of the dynac-
consequence for the synapse. Increased synaptic re- tin complex localizes strongly to sites of focal adhesion
traction results in fewer synaptic boutons and de- (Garces et al., 1999). Furthermore, dynactin has been
creased synaptic efficacy. This is predicted if synapse shown to bind proteins such as -catenin and spectrin,
retraction helps to shape the outcome of synapse devel- which are known to be involved in cell adhesion (Hol-
opment. Thus, the increased frequency of retraction leran et al., 2001; Ligon et al., 2001).
events that we observe during early synapse develop- In Drosophila, dynactin has been studied during axon
ment (rapid growth) may be an important aspect of syn- guidance (Murphey et al., 1999; Allen et al., 1999). In
aptic growth control. We hypothesize, therefore, that dynactin mutations, axons reach their target regions but
presynaptic dynactin-mediated synapse stabilization fail to branch normally. It was not determined whether
may help set the balance between growth and retraction synapses failed to form in these studies or whether syn-
apse stability was disrupted. These data demonstrateduring normal synaptic development.
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then washed prior to fixation and processing for immunofluoresencethat dynactin is not necessary for growth cone motility
as normal. For triple labeling, larvae were first processed as de-(see also Ahmad et al., 1998). The interpretation of these
scribed above for Discs-large and synapsin and stained with a cy3data has been a failure to retrogradely transport impor-
conjugated secondary against rabbit for the Discs-large polyclonal
tant trophic molecules to the sensory neuron cell body and a cy5 conjugated secondary against mouse for the monoclonal
via the dynein retrograde motor (Murphey et al., 1999; synapsin antibody. Samples were then subjected to a second brief
fixation followed by extensive blocking in normal mouse serum priorAllen et al., 1999). However, these data are equally con-
to incubation with a FITC-conjugated monoclonal Futsch antibodysistent with a failure of sensory neuron synapse stability
(Roos et al., 2000). All images were digitally captured using a wide-within the central nervous system.
field CCD camera and analyzed using the Slidebook software (Intelli-Our data at the Drosophila NMJ are consistent with
gent Imaging Innovation-3I). Three-dimensional reconstructions
an essential role for the dynactin complex in maintaining from deconvolved images was accomplished by serially sectioning
the appropriate microtubule architecture and, as a con- samples at 0.2 m per section using Slidebook software (3I). Fluo-
rescent TUNEL assay was performed on larval brains using thesequence, synapse stability. We cannot rule out the
procedure described in the In Situ Cell Death Detection Kit (Roche)possibility that an essential retrograde signal fails to
and nerve cords imaged for counting of apoptotic nuclei present.reach the motoneuron soma. However, since retraction
events are observed to affect only portions of a single
DsRNA Interferencesynapse and since we do not see any change in moto-
Drosophila Arp-1 (Arp87C; accession number X78488) was identi-
neuron cell death, we suspect that failure to traffic an fied by BLAST search of the Drosophila genome with the sequence
essential retrograde signal is not the primary cause of of yeast Arp-1 (accession number AAB68412 ). DsRNA was isolated
by PCR amplification of a 595 bp region corresponding to exon 5 of thesynapse retraction at the Drosophila NMJ.
predicted Arp-1 gene using gene specific PCR primers with the T7An important aspect of our data set is a possible link
RNA polymerase sequence attached to the 5 end (primer 1: 5-taabetween synapse retraction and neural diseases with
tacgactcactatagggagaccaccgccacc-ggtcgtgtgactggc-3; primer 2:which dynactin function has been associated. Mutations
5-taatacgactcactatagggagaccactgatcttgagatccttagccga-3). Stan-
in the human lis1 gene cause type 1 lissencephaly, a dard PCR reactions were carried out on wild-type genomic DNA
debilitating developmental disease of the nervous sys- and 1/25th of reaction products were used directly in an in vitro RNA
transcription reaction with T7 RNA polymerase using the Megascripttem characterized by severe mental retardation and re-
Kit (Ambion). DsRNA was evaluated by gel electrophoresis prior toduced cerebral folds (reviewed in Vallee et al., 2000).
use directly in the RNAi procedure (see below)Interestingly, in addition to defects in neuroblast prolifer-
Wild-type embryos (18–20 AEL) were collected and dechorionatedation and axonal transport, Drosophila Lis1 mutants
in 50% bleach. 30–40 dechorionated embryos were placed in RNAi
have abnormal dendritic morphology (Liu et al., 2000). In solution consisting of the following: dsRNA (400 ng/ul), 6% (w/v)
addition, dynactin binds Huntingtin Associated Protein 1 sucrose, and 5	 Spradling Buffer. Animals were soaked in the RNAi
solution for 14–16 hr at room temperature before being transferred(Hap-1) and is thought to play a role in the trafficking of
to apple plates. Larvae were allowed to develop normally until analy-this protein (Engelender et al., 1997; Li et al., 1998). Our
sis. The effectiveness of this method was tested by RNAi of synapto-data are most consistent with a local role for dynactin
brevin-GFP that was overexpressed in presynaptic motoneuronswithin the nerve terminal controlling synapse stabiliza-
(UAS-synaptobrevin GFP; elaV-GAL4). dsRNA to GFP reduced sy-
tion. With respect to vertebrate disease states, the al- naptobrevin-GFP protein expression at the synapse by 75% as
tered control of synapse stability has not been fully in- assayed by GFP fluorescence intensity (data not shown). Soaking
is as effective as injection of dsRNA into late embryos, but requiresvestigated. As such, this aspect of dynactin function
a higher concentration (data not shown).that we have characterized may be an important compo-
nent of disease progression if affected cells lose essen-
Electrophysiologytial target-derived trophic support as a result of impaired
Recordings were made from muscle 6, segment A3, of female larvaesynapse stability.
and were selected for data acquisition only when the resting mem-
brane potential of the cell was
60 mV. Stimulation of the segmen-
Experimental Procedures tal nerve was achieved as described by Davis et al., (1996). Data
were digitized and recorded to disk using a Digidata 1200B analog-
Fly Stocks to-digital board and pCLAMP7 software (Axon Instruments). Mea-
Flies were maintained at 25C on normal food. The following strains surement of spontaneous mEPSPs was semi-automated using Mini
were used in this study: w118 (wild-type), Glued1/TM6b(Tb), UAS- Analysis software (Synaptosoft); approximately 150–400 events
DN Glued96B, UAS-DN Glued84 (Allen et al., 1999), UAS-synapto- were analyzed and averaged per recording. For each recording the
brevin-GFP (unpublished data, S. Sweeney), elaV-GAL4C155, and my- average EPSP amplitude was determined by averaging numerous
sosin heavy chain MHC-GAL482. All UAS transgenes were analyzed single EPSPs that represented the maximal response to supra-
as transheterozygotes with corresponding GAL4 drivers. The Glued1 threshold stimulation.
mutation was generated by crossing Glued1/TM6b flies to wild-type
and analyzing the non-TM6b(Tb) larvae. Electron Microscopy and Morphometry
Third instar control and presynaptic expressing DN Glued larvae
were filleted in cold PBS on Sylgard plates and then fixed with coldLight Microscopy
Primary antibodies were used at the following dilutions: monoclonal 2% glutaraldehyde in 0.1 M Na-cacodylate buffer, pH 7.4 for 10 min.
The larvae were then transferred to fresh fix in scintillation vials andantibody against synapsin (Erich Buchner, University of Wurzburg)
at 1:50, polyclonal antibody against Discs-large (Budnik et al., 1996) fixed for an additional hour at room temperature (RT) with rotation.
Following this primary fixation, the larvae were postfixed 1 hr at RTat 1:3000, polyclonal antibody against Drosophila Glued (Waterman-
Storer and Holzbaur, 1996) at 1:200, fluorescein-conjugated poly- with 1% OsO4 in 0.1 M Na-cacodylate buffer, stained en bloc with
1% uranyl acetate in distilled water for 1 hr at RT, dehydrated inclonal antibody against HRP (ICN/Cappel) at 1:500, and the mono-
clonal antibody 22C10 against Futsch (Developmental Studies ethanol followed by propylene oxide, and embedded in Eponate 12
resin. Serial 70 nm sections of muscles 6/7 in segment A4 were cutHybridoma Bank, University of Iowa) at 1:50. All secondary antibod-
ies (ICN/Cappel) were used at a dilution of 1:100. For HRP labeling, with a Reichert-Jung Ultracut E ultramicrotome and mounted on
formvar-coated slot grids. Following sequential staining with uranyllarvae were dissected and incubated with anti-HRP for 30 min and
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acetate and Sato’s lead (Sato, 1968), the sections were examined synaptic strength preceding axon withdrawal. Science 275,
356–361.and photographed with a JEOL 1200 EX/II electron microscope
operated at 80 kV. Davis, G.W., Schuster, C.M., and Goodman, C.S. (1996). Genetic
Individual boutons were approximated as prolate spheroids in dissection of structural and functional components of synaptic plas-
calculating bouton surface area from serial EM micrographs. Pre- ticity III. CREB is necessary for presynaptic functional plasticity.
synaptic membrane detachment in active zones was calculated from Neuron 17, 669–679.
a comparison of the length of presynaptic membrane in close appo-
Desai, C.J., Popova, E., and Zinn, K. (1994). A Drosophila receptor
sition to the postsynaptic membrane, to the total length of the post-
tyrosine phosphatase expressed in the embryonic CNS and larval
synaptic membrane. All membrane length measurements were per-
optic lobes is a member of the set of proteins bearing the “HRP”
formed on scanned tracings from micrographs using NIH Image.
carbohydrate epitope. J. Neurosci. 14, 7272–7283.
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